[1] Transformation processes in the euphotic and mesopelagic zones are of crucial importance to the biological pump and global elemental cycles. In this study, elemental stoichiometries and chemical compositions of particulate and dissolved organic matter (DOM) were investigated in the euphotic and upper mesopelagic zones of the North Pacific Subtropical Gyre. The distributions of bacterial biomarkers (D-amino acids, muramic acid) and major biochemicals (amino acids, neutral sugars, amino sugars) indicated a direct link between microbial community structure and the biochemical composition of organic matter. Bacteria were major sources of organic C, N, and P in the upper mesopelagic zone. Heterotrophic bacterial transformations were important in the formation of biorefractory organic matter that is retained in the ocean on timescales of decades to millennia. Net removal rates for dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and major biochemicals were calculated for the upper mesopelagic zone (110-300 m). Dissolved hydrolyzable amino acids, neutral sugars, and amino sugars comprised 5-18% of DOC and 4-5% of DON removed in the upper mesopelagic zone, indicating these biochemicals were important components of semilabile DOM. Net removal rates of neutral sugars were 3-10 times higher than net removal rates of amino acids and amino sugars. This suggested that neutral sugars were the most reactive component among the three classes of biochemicals. Depth-integrated net DOC removal rates indicated that DOC comprised 19-31% of total carbon export flux in the North Pacific gyre and supplied 27-93% of bacterial carbon demand in the upper mesopelagic zone.
Introduction
[2] Particulate and dissolved organic matter (POM and DOM) play a central role in the global ocean carbon and nutrient cycles. They provide carbon and energy to pelagic and benthic organisms and fuel microbial food webs [Pomeroy, 1974; Azam et al., 1983] . POM and DOM are transported from the surface to the interior of the ocean in the biological pump [Volk and Hoffert, 1985; Carlson et al., 1994] . Most POM and DOM is remineralized to inorganic carbon and mineral nutrients during transit to the deep ocean, but a small fraction is buried in ocean sediments or retained as biorefractory DOM that survives several ocean mixing cycles [Sarmiento and Toggweiler, 1984; Jiao et al., 2010] . The efficiency of this process determines the ocean's ability to sequester biologically fixed carbon and, together with the solubility pump, the rate at which CO 2 can be absorbed in the surface ocean.
[3] Although many aspects and mechanisms of the biological pump are well documented, a fundamental understanding of the various processes still remains elusive. A conceptual framework, the "microbial carbon pump," was recently presented to describe the transformation of labile to biorefractory forms of DOM by the diverse microbial populations in the ocean [Jiao et al., 2010] . There is growing evidence that bacteria are a major source of refractory carbon and nitrogen in the ocean water column [McCarthy et al., 1998; Ogawa et al., 2001; Kaiser and Benner, 2008; Benner and Herndl, 2011; Kawasaki et al., 2011] . Other processes linked to the preservation of organic matter include photochemical transformations in surface waters [Benner and Biddanda, 1998; Obernosterer et al., 1999] , thermal alterations [Dittmar and Paeng, 2009; Ziolkowski and Druffel, 2010] , and shielding by inorganic minerals .
[4] Intense decomposition and cycling of POM and DOM occurs in the upper mesopelagic zone between $100-500 m [Wakeham et al., 1997; Lee et al., 2004] . Thus, microbial processes expressed in this zone are likely to control the strength and efficiency of carbon export to the ocean interior. Few studies explore the chemical composition of POM and DOM oxidized in this zone [McCarthy et al., 1996; Wakeham et al., 1997; Hedges et al., 2001; Goldberg et al., 2009; Kaiser and Benner, 2009] . Amino acids and carbohydrates are enriched in freshly produced organic matter, and they are preferentially utilized during microbial decomposition [Skoog and Benner, 1997; Amon et al., 2001; Benner, 2002; Davis et al., 2009] .
[5] The assimilation and mineralization of organic matter is dependent upon the metabolic capabilities of microbial communities [Fuhrman et al., 2006; Mou et al., 2008] . Studies at the Bermuda Atlantic Time series Station (BATS) have shown that seasonally accumulating DOM in surface waters is degraded within a few months after it reaches the mesopelagic zone [Carlson et al., 2004] . In the deep ocean, microorganisms are adapted to utilize more altered forms of organic matter [Hoppe and Ullrich, 1999; Tamburini et al., 2002; Teira et al., 2006] . Microbial populations in the oceans show incredibly high diversity [Venter et al., 2004; Rusch et al., 2007] . In addition, results from 16S rRNA gene sequence and metagenomic analyses indicate that marine bacterioplankton communities are depth specific [Giovannoni et al., 1996; Morris et al., 2002; DeLong et al., 2006] . A strong shift in microbial community structure occurs between the euphotic zone and the mesopelagic zone [Giovannoni and Rappe, 2000; DeLong et al., 2006] . These stratified microbial communities show significant differences in gene content and metabolic pathways [DeLong et al., 2006 Luo et al., 2011] .
[6] Transformations of C in the ocean are tightly coupled with biogeochemical cycles of the major bioelements, most notably those of nitrogen (N) and phosphorus (P). Given the importance of N and P as biologically limiting nutrients, systematic changes in C:N:P stoichiometries can affect ocean productivity and carbon sequestration. DOM is characterized by C:N:P stoichiometries that are rich in C compared with POM, indicating DOM is more efficient in exporting carbon from the surface ocean compared to POM for a given amount of N and P [Hopkinson and Vallino, 2005] . In vast regions of the surface oceans most nutrients occur in organic forms. Thus, processes that lead to the formation and removal of organic nutrients also play a critical role in ocean productivity [Torres-Valdés et al., 2009] .
[7] Here we examine elemental stoichiometries and distributions of major biochemicals in marine particulate and dissolved organic matter, and trace their transformations from the sunlit surface ocean through the upper mesopelagic zone. The patterns observed across this depth interval reveal fundamental mechanisms that link C, N and P stoichiometries, chemical composition and metabolic capabilities of microbial communities with the biological pump, the microbial carbon pump and the cycling of bioactive elements. Results of this study demonstrate bacterial processes in the upper mesopelagic play an important role in the longterm storage of organic matter in the ocean.
Methods and Analyses
[8] All samples were collected at the Hawaii Ocean Timeseries (HOT) station ALOHA (22°45′ N, 158°00′ W) aboard the R/V Kai-mai-kai O'Kanaloa during November 1999. Unfiltered seawater for total organic carbon (TOC), D-and L-amino acids, total hydrolyzable amino sugars and total hydrolyzable neutral sugar (THNS) analyses were collected directly from 30 L Niskin bottles into acid-washed and prerinsed 60 mL HDPE bottles. Sample containers were immediately frozen (20°C) until analysis. Suspended particulate organic matter was isolated by ultrafiltration aboard ship as described by Benner et al. [1997] . Briefly, 600 L water samples were passed through a 60 mm Nitex screen and continuously fed into an Amicon DC10L system with a polysulfone hollow-fiber membrane (H5MP01, 0.1 mm pore size) to concentrate suspended POM. After concentration samples were diafiltered with deionized water to remove sea salts and frozen. High-molecular-weight dissolved organic matter (HMW DOM, 1-100 nm) was isolated with an Amicon DC30L ultrafiltration unit using spiral polysulfone membranes (S10N1, 1 nm pore size). HMW DOM samples were concentrated to $1 L and desalted by diafiltration with deionized water. The HMW fraction was dried under vacuum in a Savant Speed-Vac evaporator at room temperature.
[9] Concentrations of total organic carbon (TOC) were determined using a high-temperature-combustion method and a Shimadzu TOC 5000 or Shimadzu TOC-V analyzer [Benner and Strom, 1993] . The organic carbon and nitrogen contents of dried POM and HMW DOM samples were determined after vapor-phase acidification using a Carlo Erba 1108 CHN analyzer. DON and DOP concentrations were extracted from the Hawaii Ocean Time-series Data Organization and Graphical System (HOT-DOGS, University of Hawaii) for November 1999. DON concentrations represented the difference between total dissolved nitrogen (TDN) and nitrite and nitrate concentrations. DOP was calculated by subtracting soluble reactive phosphorus (SRP) from total dissolved phosphorus (TDP). TDN and TDP were determined by UV oxidation followed by autoanalysis of nitrite/nitrate and SRP according to HOT station standard protocols (see http://hahana.soest.hawaii.edu/hot/).
[10] D-and L-amino acids were analyzed according to Kaiser and Benner [2005] . Water samples were hydrolyzed in a CEM Mars 5000 microwave equipped with a protein hydrolysis accessory kit. POM samples were hydrolyzed with 6 M HCl (Baker ACS reagent) in sealed ampules at 110°C. HCl was removed with a stream of nitrogen, and samples were redissolved in deionized water. The monomeric amino acid enantiomers were derivatized with a mixture of N-isobutyryl-L-cysteine and o-phthaldialdehyde (OPA) or N-isobutyryl-D-cysteine and OPA (Sigma). Separation was achieved using a linear gradient on a Licrospher 100 RP 18 (5 mm, 4.5 Â 250 mm) column with guard column at 20°C and a flow rate of 0.8 mL min À1 . Excitation and emission wavelengths for the detection of fluorescent OPA derivatives were set at 330 and 450 nm, respectively. All samples were run with both reagents to identify coeluting peaks. Measured values of enantiomeric amino acids were corrected for acid-catalyzed racemization using the mean of the racemization observed in proteins and free amino acids [Kaiser and Benner, 2005] . D/L-asparagine and D/L-glutamine were deaminated during the hydrolysis and were quantified as D/L-aspartic acid (D/L-Asx) and D/Lglutamic acid (D/L-Glx).
[11] Concentrations of galactosamine (GalN), mannosamine (ManN) and glucosamine (GlcN), were determined by high-performance anion-exchange chromatography coupled to a pulsed amperometric detector (PAD) [Kaiser and Benner, 2000] . Samples were neutralized with a self-absorbed ion retardation resin (AG11 A8 resin, Biorad) after hydrolysis in 3 M HCl (5 h, 100°C, 36% HCl, ACS grade) and frozen until analysis. Samples were desalted by solid-phase extraction using Biorad's AG50-X8 resin in the Na + form before chromatographic separation. GalN, ManN, and GlcN were separated isocratically on a Dionex PA20 anion-exchange column with 2 mM NaOH (50 weight per weight percent, Baker, ACS grade) at a flow rate of 1 mL min
À1
. Neutral sugars were analyzed according to Skoog and Benner [1997] with modifications. Briefly, samples were hydrolyzed in 1.2 mol L À1 sulfuric acid (Baker ACS reagent) and neutralized with a self-absorbed ion retardation resin (AG11-A8) [Kaiser and Benner, 2000] . After desalting with a mixture of cation and anion exchange resins, neutral sugars were isocratically separated with 25 mM NaOH on a PA 1 column in a Dionex 500 system with a PAD.
[12] All analyses were performed in duplicate or triplicate. Precision for TOC analyses was 5-11%. Precision for all biochemical measurements was 2-8% in the 50-600 nmol L À1 range and 4-15% in the 2-50 nmol L À1 range. Concentrations of dissolved organic carbon (DOC), total dissolved amino acids (TDAA), amino sugars (TDAS) and neutral sugars (TDNS) were calculated by subtracting concentrations in suspended POM from concentrations determined in unfiltered seawater. Concentrations of free amino acids, neutral sugars and amino sugars were below the limit of quantification (1-2 nmol L À1 ) in unfiltered seawater indicating all measured biochemicals occurred in oligomers or polymers (data not shown).
[13] Net removal rates of DOC, DON and dissolved biochemicals were calculated assuming simple exponential decay models. The annual average mixed-layer depth at HOT is about 70 m (http://hahana.soest.hawaii.edu/hot/). Only water masses ventilated within the gyre were considered (110-300 m or 24.6-25.8 s Q ). The northern edge of the gyre was located at $40°N. Ventilation ages of thermocline waters were chlorofluorocarbon (CFC)-derived ages [Warner et al., 1996; Sonnerup et al., 1999; Mecking et al., 2004] . The assumption was made that concentrations of DOC, DON and dissolved biochemicals exported below 110 m were similar within the gyre. All parameters used to calculate net removal rates are listed in Table 1 . Exponential models for DOC, DON, TDAA, TDAS and TDNS were fitted in MATLAB according to:
where DOM S are measured concentrations of DOC, DON, TDAA, TDAS or TDNS (Table 1) reduced by the refractory concentrations, DOM S0 are initial DOMS concentrations, k is the exponential decay constant, and t is the ventilation age for a water mass. Concentrations of the refractory components were calculated as the average of the concentrations measured at 2000 and 4000 m at the HOT station . The refractory DOC, DON, TDAA, TDAS and TDNS concentrations were 36 mmol
and 20 nmol L À1 , respectively. The net removal rates were calculated according to:
[14] Net removal rates for POM on the shallow isopycnals were calculated by comparing concentration changes over depth intervals (110-200 m) with ventilation ages. No net changes in POM concentrations were observed below 200 m.
Results

Distributions of Major Bioelements (C, N, P) and Biochemicals
[15] Concentrations of major bioelements and biochemicals were normalized to values at 20 m to investigate distribution patterns in the euphotic and upper mesopelagic zones. Strong vertical gradients of C, N, P and biochemicals were observed in the upper 300 m of the water column (Figures 1a-1f ). Particulate C, N, P and biochemicals profiles were characterized by a large concentration increase (160-280%) in the chlorophyll maximum (110 m) and a large concentration decrease (16-52%) in the upper mesopelagic zone (110-300 m). The major bioelements and biochemicals exhibited variable distributions in HMW DOM and DOM (Figures 1b, 1c, 1e, and 1f) . Among bioelements, P showed the sharpest decline with depth in HMW DOM and DOM suggesting much faster turnover than N and C. The high-molecular-weight fractions of C and N displayed highest relative concentrations in the chlorophyll maximum (106-110%). In comparison, DOC and DON declined continuously with depth. HMW DOC and HMW DON concentrations at 300 m were 50% and 55% of concentrations measured at 20 m, respectively. HMW DOP concentrations at 300 m were 40% of concentrations at 20 m. A similar relative change in concentrations was observed for DOP (41%). DOC and DON concentrations decreased to 65% and 73% of surface concentrations at 300 m, respectively. [16] Carbohydrate concentrations, in particular neutral sugars, declined sharply between surface (<110 m) and upper mesopelagic waters (110-300 m) in HMW DOM and DOM (Figures 1e and 1f) . Neutral sugars and amino sugar concentrations decreased by 69-88% in HMW DOM and DOM between 20 and 300 m. Depth distributions of amino acid concentrations were clearly uncoupled from those of carbohydrates. Amino acid concentrations in HMW DOM decreased in the upper 200 m to 48% of concentrations at 20 m but then markedly increased by 27% at 300 m. The input of high-molecular-weight amino acids at depth was also noticeable in DOM profiles. Amino acid concentrations in DOM at 300 m were 39% of concentrations measured at 20 m.
[ [Kaiser and Benner, 2008] were significantly higher (p < 0.05, t test) in the upper mesopelagic zone compared to the surface (Figure 2c ). In the surface, 20 AE 3% of POC and 33 AE 4% of PON was derived from bacteria. The bacterial contribution to POC and PON in the upper mesopelagic zone was 35 AE 6% and 63 AE 13%, respectively.
Elemental Stoichiometries and Reactive Components of Organic Matter
[18] The C:N and C:P ratios in POM were usually lower than those in HMW DOM and DOM (Figures 3a, 3b , and 3c). However, N:P ratios in POM at 20 m were higher than those in DOM. In general, depth-related changes in POM were relatively minor. C:N and C:P ratios of POM ranged from 8 to 10 and from 106 to150, respectively. N:P ratios in POM were 13-18. In HMW-DOM, C:N ratios decreased with depth, whereas C:P and N:P ratios did not show a clear trend. C:N and C:P ratios in HMW DOM ranged from 13 to 16 and 169-241. N:P ratios in HMW DOM were 11-16. [19] Distinct increases of C:P and N:P ratios with depth were observed in DOM, indicating changes in C:P and N:P were driven primarily by the low-molecular-weight (<1 nm) components of DOM. C:N ratios in DOM decreased slightly with depth, but they were not significantly different (p = 0.07, t test) between the surface and upper mesopelagic zone. Lowest C:N ratios in DOM (12) were observed below 200 m where HMW DOM amino acid concentrations increased. C:P ratios in DOM were 219 AE 33 in the euphotic zone and increased to 336 AE 51 in the upper mesopelagic zone. N:P ratios in DOM were 15 AE 2 in the euphotic zone and 26 AE 2 in the upper mesopelagic zone. C:N ratios in DOM ranged from 12 to 19.
[20] The vertical distribution of the concentrations of DOC, DON and dissolved biochemicals in the upper mesopelagic zone reflected the transformations and removal of these components along isopycnals. Assuming homogenous distributions within the gyre, net removal rates of DOC, DON and dissolved biochemicals were determined in the depth range between 110 and 300 m (24.6-25.8 s Q ; see Table 2 and Figure 4 ). Net removal rates of DOC, DON and dissolved biochemicals declined sharply with depth. Net DOC removal rates ranged from 4.3 mmol L À1 yr À1 at 24.6 s Q to 1.6 mmol L À1 yr À1 at 25.5 s Q . In comparison, net DON removal rates varied from 0.54 mmol L À1 yr À1 at 24.6 s Q to 0.13 mmol L À1 yr À1 at 25.5 s Q . Removal rates of TDNS on the shallow isopycnals were almost an order of magnitude higher than removal rates of TDAA and TDAS (see Table 2 and Figure 4 ). At depth, net removal rate of TDNS were approximately threefold higher than rates observed for TDAA and TDAS.
[21] On the shallow isopycnals (24.6, 25.0 s Q ), dissolved carbohydrates and amino acids represented $18% of the DOC and $5% of the DON removed (Figure 5a ). At depth (≥25.8 s Q ), the three classes of dissolved biochemicals comprised $8% of the DOC and $6% of the DON removed. Molar C:N ratios of molecularly characterized DOM were 30 at 24.6 s Q and declined to 13 at 25.5 s Q (Figure 5b ).
Discussion
Gradients in Microbial Assemblages and the Biochemical Composition of Organic Matter
[22] Station ALOHA is located in the eastern return flow of the anticyclonic North Pacific Subtropical Gyre and is representative of the vast subtropical gyres that are responsible for up to half of the global-ocean export production [Karl, 1999; Emerson et al., 1997] . Physical characteristics include low seasonality with an annual mixed layer depth between 45 and 100 m (0.125 potential density criterion) and a deep chlorophyll maximum between 85 and 120 m. Water masses between 75 and 175 m originate to the north of the Hawaiian Islands and are characterized by a salinity maximum [Roden, 1980] . This North Pacific Central Water (NPCW) is underlain by North Pacific Eastern Subtropical Mode Water (NPESTW, 25.2-26.0 s Q ) that originates in the northeastern subtropical gyre and reaches depths of $300 m [Talley, 1985] . Water masses below the NPESTW (26.2-26.6 s Q ) outcrop in the supolar gyre north of 40° [Talley, 1988] . Ventilation of the North Pacific Subtropical Gyre primarily occurs by isopycnal processes [Fine et al., 1981; Warner et al., 1996] . CFC tracer estimates indicate water masses in the upper 300 m (24.6-25.8 s Q ) are renewed on decadal timescales [Warner et al., 1996; Sonnerup et al., 1999] .
[23] Distinct microbial populations and associated metabolic pathways are observed in the upper 300 m at station ALOHA [DeLong et al., 2006] . Characteristic microorganisms in the euphotic zone include cyanobacteria (Prochlorococcus and Synecococcus), which dominate primary production in the North Pacific Subtropical Gyre (NPSG), and heterotrophic bacteria with strong representations from Alpha-, Gamma-and Delta-proteobacteria [DeLong et al., 2006] . In the upper mesopelagic zone, heterotrophic bacterial groups include select members of Alpha-, Gamma-and Delta-proteobacteria. Microbial genes associated with photosynthesis and related processes are enriched in the euphotic zone, whereas genes related to heterotrophic metabolism dominate in the mesopelagic zone [DeLong et al., 2006] .
[24] Distinct vertical gradients of major bioelements and biochemicals revealed a net production of bioreactive organic matter in the euphotic zone and a net consumption in the upper mesopelagic zone. Linked to this was a major shift in the chemical composition of organic matter. Organic matter in the euphotic zone was characterized by relatively high contributions of carbohydrates derived primarily from phytoplankton [Biersmith and Benner, 1998; Hama and [Benner et al., 1992] . Concentrations of amino acids declined much less rapidly with depth than carbohydrates, which was also observed in other studies [McCarthy et al., 1996; Kaiser and Benner, 2009] . The different trends among major biochemicals can result from different bioreactivities, new sources at depth, or both. Previous studies have shown that amino acids are important components of labile organic matter and are rapidly consumed in surface waters [Keil and Kirchman, 1993; Cherrier and Bauer, 2004; Davis and Benner, 2007] . A new source of organic matter at depth, possibly of bacterial origin, was indicated by a net increase of high-molecular-weight dissolved amino acid concentrations in the upper mesopelagic zone (<200 m; see Figure 1e ). This net increase of amino acids was reflected in low C:N ratios in DOM (<200 m), providing additional evidence for a new N-rich source of organic matter in the upper mesopelagic zone (Figure 3a) . Bacterial cells are rich in amino acids and nucleic acids but poor in carbohydrates. Bacterial contributions to POC and PON were significantly higher (p < 0.05, t test) in the upper mesopelagic zone compared to the euphotic zone (Figure 2c) . Recent estimates have shown that bacterial organic matter accounts for $25% of POC and DOC and $50% of PON and DON in the mesopelagic zone of the NPSG [Kaiser and Benner, 2008; Kawasaki et al., 2011] .
[25] Molecular compositions of amino acids and carbohydrates also shifted between the euphotic and upper mesopelagic zone (Figure 6 ). Mole percentages (mol%) of glycine (mol% Gly = Gly/TDAA Â 100), glucose (mol% Glc = Glc/TDNS Â 100), and GlcN (mol% GlcN = GlcN/ THAS Â 100) in DOM in the upper mesopelagic zone (<150 m) were similar to those observed in freshly produced bacterial DOM [Ogawa et al., 2001; Kawasaki and Benner, 2006] , and they were higher compared to those in the euphotic zone (Figure 6 ). Previous studies have noted the selective enrichment of Gly and Glc during organic matter diagenesis [Nguyen and Harvey, 1997; Skoog and Benner, 1997; Dauwe and Middelburg, 1998 ]. The presence of high mol% of Glc and Gly in diagenetically altered organic matter has been ascribed to preferential preservation but could also reflect a bacterial source.
[26] On the basis of the P-rich composition of bacterial cells, it is likely that bacteria are also an important source of particulate organic phosphorus (POP) and DOP. Strong correlations (R 2 = 0.81-0.98) between neutral and amino sugars with P in POM and HMW DOM suggest that POP and DOP may occur as phosphorylated carbohydrates in nucleic acids, nucleotides and bacterial lipopolysaccharides (Figure 7 ) [Sannigrahi et al., 2006] . It is possible these strong correlations are indirect; for example, the most common phosphorylated carbohydrates, deoxy-ribose and ribose, were not measured because they were destroyed during acid hydrolysis. Karl and Yanagi [1997] showed that UV-stable phosphorus contributed 30-50% of total dissolved phosphorus in the upper 200 m at station ALOHA. This pool consists primarily of nucleotide diphosphates and triphosphates, nucleic acids and other compounds that are resistant to UV photodegradation. Direct measurements of DNA and RNA at station ALOHA found these compounds comprised 8-16% of dissolved organic phosphorus [Orrett and Karl, 1987; Karl and Bailiff, 1989] . The presence of bacterial lipopolysaccharides in POP and DOP is supported by relatively low GlcN:GalN ratios, and the D-amino acid distributions and hydroxy fatty acid signatures observed in POM and HMW DOM [Wakeham et al., 2003; Kaiser and Benner, 2009] .
[27] Characteristic depth-related distributions of D-amino acids confirm the transition from a mixed autotrophic/ heterotrophic microbial community in the euphotic zone to a predominantly heterotrophic bacterial community in the upper mesopelagic zone. High abundances of D-Ala, D-Glx and D-Asx in surface waters, particularly in the chlorophyll maximum, demonstrate the presence of cyanobacteria (Prochlorococcus and Synecococcus) and heterotrophic bacteria. In the upper mesopelagic zone, the high abundance of D-Asx reveals the presence of a large heterotrophic bacterial community. Shifts in the elemental and biochemical composition of organic matter in the upper water column at station ALOHA are associated with shifts in the vertical structure of microbial communities, indicating a direct link between microbial community structure and major biogeochemical cycles. This observation has important consequences for the biological pump and the cycling of bioactive elements. Heterotrophic bacteria rapidly remineralize and transform labile substrates derived from primary producers into carbon dioxide and biorefractory forms of organic matter that persist in the water column [Ogawa et al., 2001] . However, not all bacterially derived organic matter is refractory. Most bacterial DOM released during bacterial growth is rapidly consumed [Kawasaki and Benner, 2006] . Kaiser and Benner [2008] showed about $65% of bacterial C in the surface ocean is bioavailable. Figure 6 . Mole percentages (mol%) of glucosamine (GlcN), glucose (Glc), and glycine (Gly) in DOM, where mol% GlcN = GlcN/TDAS Â 100; mol% Glc = Glc/TDNS Â 100; and mol% Gly = Gly/TDAA Â 100.
Organic Matter Removal and Chemical Composition
[28] Calculated net removal rates of DOM in the upper mesopelagic zone were subject to several uncertainties. Variable concentrations of DOC, DON and dissolved biochemicals within source waters that ventilate the upper mesopelagic zone at station ALOHA (≤300 m) could lead to large errors in estimated net removal rates. The DOC and DON concentrations published by Abell et al. [2000] suggest source water concentrations vary by <15% within the gyre. Data from the recent CLIVAR Repeat Hydrography Program (P16N transect) indicate declining DOC concentrations toward the northern edge of the gyre (40°N). The CLIVAR data also indicate the 25.8 s Q isopycnal (300 m at station ALOHA in this study) can outcrop in the subtropicalsubpolar front north of 40°N (see http://cdiac.esd.ornl.gov/ oceans/RepeatSections/clivar_p16n.html). New DOM sources in the upper mesopelagic zone, such as release from sinking particles [Smith et al., 1992; Lee et al., 2000] would result in underestimation of removal rates. Heterotrophic bacteria in the upper mesopelagic zone release DOM as well, and some components of bacterial DOM are resistant to decomposition [Ogawa et al., 2001; Kawasaki and Benner, 2006] . Zooplankton migration can also introduce reactive DOM to the upper mesopelagic zone [Al-Mutairi and Landry, 2001; Steinberg et al., 2008] . Additional sources of error could be associated with CFC-based ventilation ages. Sonnerup [2001] showed that CFC ages of $30 years might underestimate ideal ages by 60-100% along 152°W. However, for ventilation ages <15 years, CFC-based estimates are accurate to within 25% [Sonnerup, 2001] . In this study, the deepest isopycnal was ventilated on a timescale of 11 years.
[29] Regardless of uncertainties associated with calculated net removal rates, they provide important clues about the molecular composition of reactive DOM in the upper mesopelagic zone. Following relative changes in DOC, DON and dissolved biochemicals eliminates many of the errors associated with the above-described assumptions. For comparison, net removal rates of DOC (1.6-4.3 mmol L À1 yr À1 ) presented here are in the range reported for the mesopelagic zones in the northern subtropical gyres [Abell et al., 2000; Hansell and Carlson, 2001 ], but are much higher than values observed in the Greenland gyre [Amon and Benner, 2003] and subtropical mode waters in the Atlantic Ocean [Carlson et al., 2010] . DON removal rates (0.13-0.54 mmol L À1 yr À1 ) were slightly higher than rates reported by Abell et al. [2000] for shallow isopycnals and were lower than for deeper isopycnals in the North Pacific.
[30] Net loss of suspended POC and PON was only observed on the shallow isopycnals (≤25.0 s Q , 110-150 m), and net removal rates were ≤10% of DOC (0.24-0.67 mmol L À1 yr À1 ) and DON (0.03-0.06 mmol L À1 yr À1 ) net removal rates at these depths. This indicates DOM is removed more rapidly than suspended POM. Extensive disaggregation of sinking POM occurs in the upper mesopelagic zone likely resulting in low estimates of net removal rates for suspended POC and PON [Wakeham and Lee, 1993; Armstrong et al., 2009] . However, regressions of DON and DOP concentrations with nitrate (R 2 = 0.66, p < 0.05) and soluble reactive phosphate (SRP, R 2 = 0.92, p < 0.001) concentrations showed that 60-80% of nitrate and SRP between 110 and 240 m was derived from remineralized DON and DOP. This also supports the view that net removal of organic matter in the upper mesopelagic directly resulted in remineralization. [31] The net removal of specific biochemical components of DOM along shallow isopycnals was distinct from those removed along deeper isopycnals. Carbohydrates comprised a large fraction (17 AE 5%) of reactive DOC at the top of the mesopelagic zone. Amino acids uniformly accounted for 1-2% of DOC removed along all isopycnals. One explanation for the constant proportions of amino acids in removed DOC is that they are consumed and released by bacteria [Kawasaki and Benner, 2006] . Amino sugars and amino acids accounted for 3-9% of net removal of DON and are therefore important components of the marine N cycle. In suspended POM, neutral sugars and amino sugars comprised 7% of removed POC, but amino sugars and amino acids comprised 30% of removed PON above 200 m. No significant net changes in concentrations of POC, PON and particulate biochemicals occurred below 200 m.
[32] Bulk elemental stoichiometries integrate production, regeneration and removal processes, which can conceal the actual dynamics in the organic matter pool Karl et al., 2001] . Varying net removal rates of different classes of biochemicals indicated the chemical composition of reactive organic matter changed substantially in the upper mesopelagic zone. In addition, organic matter sources changed in association with the vertical gradient in microbial communities. C:N:P stoichiometries in POM showed no systematic variation with depth, but clear trends in C:N:P molar ratios could be identified in DOM. Dissolved C:P and N:P stoichiometries indicated low-molecularweight (LMW, <1000 Dalton) DOP was preferentially removed in the upper mesopelagic zone [Luo et al., 2009] . Bacteria can transport molecules up to 600 Da without the need for prior enzymatic hydrolysis [Weiss et al., 1991] . On the basis of the observed high N:P ratios in DOM in the upper mesopelagic zone, utilized LMW DOM components appeared to be depleted in N. However, it is possible that N mineralization patterns were masked by input of N-rich DOM from bacteria.
Implications for Oxygen Utilization and Bacterial Carbon Demand
[33] Numerous studies have shown that DOM is an important component of the biological pump [Carlson et al., 1994; Emerson et al., 1997; Karl, 1999] and its utilization is responsible for a significant fraction of oxygen consumption in the mesopelagic zone [Doval and Hansell, 2000; Hansell and Carlson, 2001] . In the present study, a comparison of net DOC removal rates with published oxygen utilization rates [Warner et al., 1996; Sonnerup et al., 1999; Abell et al., 2000] indicated DOC removal accounted for $40% of oxygen consumption on the shallow isopycnals (24.6-25.3 s Q ). Below 200 m, DOC removal accounted for 26-31% of oxygen consumption. DOC removal was converted to oxygen removal assuming a respiratory quotient (RQ) of 0.71 [Takahashi et al., 1985] . The applied RQ also includes oxygen consumption due to nitrogen remineralization to nitrate leading to maximal estimates of oxygen consumption due to DOC removal. Integrated over the whole depth range (110-300 m), our calculations indicated DOC removal accounted for 31 AE 5% of oxygen consumption in the upper mesopelagic zone of the gyre. If removal of suspended POM was included, oxygen consumption due to DOC and suspended POC removal was 33 AE 6%.
[34] Total carbon export rates calculated for the NPSG range from 1.6 to 2.7 mol m À2 yr À1 [Emerson et al., 1997; Sonnerup et al., 1999] . Integrated DOC removal in this study was 0.5 AE 0.1 mol m À2 yr À1 , indicating DOC removal in the upper mesopelagic zone comprised 19-31% of total carbon export flux. For comparison, estimates for the North Pacific ascribed 25-40% of carbon export to the flux of DOC [Emerson et al., 1997; Benitez-Nelson et al., 2001] . This implies that most DOC exported from the euphotic zone is removed in the upper mesopelagic zone, and oxygen consumption below 300 m is mostly due to sinking particles.
[35] Net DOC removal estimates also allowed us to investigate the role of DOC in supporting the metabolic demands of heterotrophic picoplankton in the upper mesopelagic zone. Information on the metabolic coupling between DOC and bacteria in the mesopelagic zone is scarce but, on the basis of the contribution of DOC to oxygen consumption, it is expected to be important [Doval and Hansell, 2000; Hansell and Carlson, 2001] . Calculating bacterial carbon demand (BCD) is difficult because bacterial growth efficiencies (BGE) in the ocean are not well constrained. Here we used data measured between 150 and 500 m at HOT in 2004 [Steinberg et al., 2008] . Values for BCD were 18.7-61.3 mg C m À2 d À1 . Our calculation indicates DOC can satisfy $60% (27-90%) of bacterial carbon demand. Although the error range is rather large, this indicates DOM can provide a large fraction of the energy requirements of mesopelagic biota and is a major source of remineralized C, N and P in the upper mesopelagic zone of the open ocean.
Upper Mesopelagic Zone Organic Matter Processes
[36] About 90% of the organic carbon exported from the euphotic zone is remineralized in the mesopelagic zone ($100-1000 m), thereby regulating net sequestration of CO 2 from the atmosphere and deep ocean metabolism [Robinson et al., 2010] . Our findings provide a better understanding of organic matter processing in this important region of the oceans and the linkages between organic matter chemical composition and microbial community structure. Bacterial metabolism and processes emerge as important mechanisms shaping organic matter elemental stoichiometries and chemical compositions. During the remineralization of organic matter in the upper mesopelagic zone, heterotrophic bacteria grow and release newly synthesized POM and DOM that includes biomarkers signatures indicating sources within mesopelagic waters. The biological reactivity of this newly produced bacterial organic matter ranges from labile to refractory. An implication of this view is that bacteria play a major role in the long-term storage of organic C, N and P in the oceans, which is consistent with ideas outlined in the "microbial carbon pump" concept [Jiao et al., 2010; Benner and Herndl, 2011] and previous studies [McCarthy et al., 1998; Ogawa et al., 2001; Kaiser and Benner, 2008] .
[37] A distinct shift occurs in the composition of DOM remineralized in the upper mesopelagic zone. Molecularly characterized carbohydrates accounted for $16% of the DOC remineralized at the base of the photic zone, and it appears these carbohydrates are predominantly derived from phytoplankton in surface waters. Deeper in the upper mesopelagic zone (≥200 m) the DOM being remineralized is more chemically complex, and molecularly characterized biochemicals, including amino acids, neutral sugars and amino sugars, comprise a small fraction (5-7%) of the remineralized DOC. Bacterially derived organic matter accounts for an important fraction of DOM remineralized in the upper mesopelagic zone.
[38] The production of organic matter by heterotrophic bacteria in the mesopelagic regions of the global ocean affects calculations of net removal and remineralization rates of organic matter. Considering additional input of organic matter by disaggregation and dissolution of sinking particles and zooplankton excretion, removal rates based on net changes in concentrations are underestimated. Other approaches are needed to reveal the highly dynamic processes and the biological communities regulating these processes. This information is critical for understanding the role of the mesopelagic zone in the regulation of the biological carbon pump and its microbial component and the cycling of bioactive elements.
